Abstract -An analytical formulation of the outage probability in terms of bit error rate specification for variable bit rate (VBR) multiclass services in the uplink of a dynamic complete group partitioning (DCGP) round-robin carrier-hopping multirate MultiCarrier (MC) DS-CDMA cellular system is presented. The analytical framework is formulated for the general case in which different traffic classes have different spreading gains in each of the subcarriers. The analytical work leads to the determination of the capacity region of this system for VBR traffic. Numerical results show that the system capacity with DCGP can be larger than those with complete sharing (CS) and dynamic complete partitioning (DCP) of the subcarriers.
INTRODUCTION
4G cellular mobile networks are expected to support integrated multimedia services with different qualities of service (QoS) for different service classes. Currently, there are already papers that address the capacity in wireless cellular CDMA networks [1] [2] [3] [4] . These papers consider only one or two traffic classes. For 4G cellular systems, many types of connections like voice, video, data, multimedia, web browsing, email, etc., are anticipated, not just voice and data traffic. That is, we have multiclass traffic. In [5] , we generalize the analysis in [3] for two traffic classes to K traffic classes. In numerous performance analyses of the system capacity [1] [2] [3] [4] [5] , the traffic source is often assumed to be an on/off process which is valid only for voice or data traffic but not for video or other traffic which can be modeled as a multirate traffic [6] [7] [8] . Since the multirate traffic model is more complex than a simple on/off traffic model, closed-form solution is more difficult. To our knowledge, there has been no cellular uplink system capacity analysis with multirate sources to date, except [9] [10] [11] [12] . In [9] , the system capacity of variable bit rate multiclass traffic in a wideband CDMA system is derived, while [10] analyzes the system capacity for video traffic in a multirate direct-sequence (DS) CDMA system. References [11] and [12] consider a multirate traffic model for variable bit rate traffic to study the capacity of the uplink of a round-robin carrier-hopping multirate Multi-Carrier (MC) DS-CDMA system with multiclass traffic using complete sharing (CS) and dynamic complete partitioning (DCP), respectively, of all the subcarriers in the system.
Recently, MC-CDMA systems have been receiving a lot of attention as they can promise high data rate required by 4G mobile cellular systems and be effective in mitigating multipath fading and rejecting narrowband interference [13] . This paper considers a multirate traffic model for variable bit rate traffic to study the capacity of the uplink of a dynamic complete group partitioning (DCGP) round-robin carrier-hopping multirate MC-DS-CDMA system with multiclass traffic, where the spreading gain is assumed to be variable for different traffic classes (the spreading gain is assumed to be the same within the same class) in each subcarrier. In traditional resource allocation schemes at the connection level, a CS scheme will give lower blocking probabilities than those from a CP scheme as they have "hard capacity." On the other hand, CDMA-based systems have "soft capacity" depending on intra-and inter-cell interference. A salient feature of this paper is the use of DCGP to dynamically allocate subcarriers to different traffic classes to eliminate intra-and inter-cell interference from other classes as well as some of these interference from its own class. This helps to increase the number of users that can be supported in the system. The outages in the subcarriers of each class are minimized by spreading the subcarriers' signal-to-interference ratio evenly among all its own group of subcarriers by using a dynamic round-robin carrier-hopping allocation scheme. This will also help to increase the number of users that can be supported in the system. The activity factor of a user in a subcarrier is modeled as though it is an on/off source in a single-carrier CDMA system. Thus, results reported in [5] can be used. The probability of bit error rate for each class in each of its own group of subcarriers is formulated in terms of its number of users in its group and class, the number of active spreading codes in the subcarrier, the intra-cell received powers in the subcarrier for all of its own group of users, the inter-cell interference in the subcarrier for all of its own users in the group, the spreading gain in the subcarrier for its own class, the bit energy-to-interference ratio requirements in the subcarrier for its class and the background noise in the subcarrier.
The rest of the paper is organized as follows. Section 2 describes the system model, assumptions and system parameters. Section 3 states the problem to be addressed in this paper. In Section 4, we present a dynamic complete group partitioning round-robin carrier-hopping multirate MC-DS-CDMA system. Section 5 presents an analytical model for variable bit rate multiclass services in the dynamic complete group partitioning round-robin carrier-hopping multirate MC-DS-CDMA system. Numerical results for two traffic classes are presented in Section 6. Finally, concluding remarks are made in Section 7. • The transmission rates of other classes are integer multiples of that for the class with the basic rate.
SYSTEM MODEL
• The processing gain, G i , for class i users are given by (W/N c )/R i .
• The system is made up of hexagonal cells.
• The mobile users have omni-directional antennas.
• The base station antenna has three sectors in each cell.
• The sectorization in the cells is perfect.
• Users are uniformly distributed in each cell.
• There are equal numbers of users from each class in every cell.
• There is perfect power control in each cell.
• The spreading gain can be varied for different traffic classes.
• The spreading gain is the same within the same class.
• The channel is modeled as a combination of path loss and log-normal shadowing, represented by r -4 10 (ε/10) , where r is the distance between the mobile and the serving base station and ε is a Gaussian random variable with zero mean and variance σ 2 . The path loss exponent, which is normally determined from measurements and is in the range 2-5, is assumed to be 4 in this paper.
PROBLEM STATEMENT
We are concerned with the uplink capacity of a dynamic complete group partitioning round-robin carrier-hopping multirate MC-DS-CDMA system in terms of the number of users, n i , that can be supported for the ith class. The capacity region for K classes is derived by considering the outage probability in each subcarrier in terms of the signal-tointerference ratio (SIR) specification. These probabilities are expressed in terms of the number of class i users in its group, the number of active spreading codes in a subcarrier, the intracell received powers for the same class in the group in the subcarrier, the inter-cell interference for the same class in the group in the subcarrier, the spreading gain for class i in the subcarrier, the E b /I 0 requirements for class i in the subcarrier and the background noise in the subcarrier.
The capacity of the K-class system is defined by (n 1 ,…,n i ,…,n K ). The aim here is to determine the maximum number of users for the K classes that are allowable in the system while maintaining the required SIR i /BER i with the DCGP scheme.
DYNAMIC COMPLETE Group PARTITIONING ROUND-ROBIN
CARRIER-HOPPING MULTIRATE MC-DS-CDMA Fig. 1 . shows the power spectral densities (PSDs) of a single-carrier DS-CDMA system and a multi-carrier DS-CDMA system. In Fig. 1(a) , the single-carrier DS-CDMA system has a spread-spectrum bandwidth of W at a center frequency of f. In Fig. 1(b) , the multi-carrier DS-CDMA system has a spread-spectrum bandwidth of W/N c at frequency f c in each of its subcarriers, where N c is the number of subcarriers and c=1,2,…,N c . The same spreading code can be used in each of the subcarriers for a user. Fig. 2 shows a variable bit rate source with discrete bit rate levels. Each level has a bit rate of R i , where i=1,2,…,K and K is the number of traffic classes. The highest level is M i and it has a bit rate of M i R i . Each level of bit rate is transmitted through one subcarrier. Thus a variable bit rate source is transmitted through a number of subcarriers, each using the same spreading code. Every user in the same class transmits at the same bit rate, R i , in each group of subcarriers that are dynamically allocated to that class. For ease of illustration, the time durations at each level for a source are shown equal. Consider the case of two traffic classes. Assume that the first level of bit rate is transmitted first in subcarrier 1 and the other levels of bit rate are transmitted in the next few subcarriers for a class 1 user in group 1; similarly, the first level of bit rate for a class 1 user in group 2 is transmitted first in subcarrier M 1 +1 (or 4). Similarly, the first level of bit rate for a class 2 user in groups 1 and 2 is transmitted first in subcarriers N c1 +1 (or 7) and N c1 +M 2 +1 (or 10), respectively. The transmission scenario is shown in Table 1 . The number of subcarriers dynamically allocated to class 1 users is N c1 , while the number of subcarriers dynamically allocated to class 1 users in group 1 or 2 is M 1 . Similarly, the number of subcarriers dynamically allocated to class 2 users is N c2 =N c -N c1 , while the number of subcarriers dynamically allocated to class 2 users in group 1 or 2 is M 2 . The symbol, ô, represents that a reference 
are heavily utilized, while subcarriers 3, 6, 9, and N c are least utilized. Thus the bottleneck outage will be in subcarriers 1,4,7 and 10. 
To evenly spread the usage of the subcarriers and outage probabilities in the subcarriers and to increase the support of the number of users in the system, we propose to use a round-robin carrier-hopping multirate MC-DS-CDMA. This round-robin carrier-hopping subcarrier allocation scheme works as follows. The reference subcarrier of each class in a group is moved in a round-robin manner over all its subcarriers. The usages of the subcarriers are shown in Table 2 . 
This table shows that the goal of evenly spreading the usage of the subcarriers is achieved. Thus the outage probabilities in the subcarriers are lowered and the number of users that can be supported is increased. Note that Table 2 only shows one user in each group of subcarriers. However, there can be many users in each group of subcarriers, and thus the subcarriers can be fully utilized. Furthermore, the complete group partitioning of the subcarriers to the different classes is dynamically adjusted to maximize the number of users that can be supported by using the DCGP admission region curves in Section 6. The DCGP admission region can be stored in a lookup table and be referenced to execute the dynamic complete group partitioning allocation of subcarriers to each class when DCGP can support more users than CS or DCP. Note that a class i user can use all of its N ci subcarriers in a DCP scheme, and all of the subcarriers in a CS scheme. The allocation of subcarrier group to a new class i user can be cyclic or selecting the group with the least number of users to balance out the traffic load in that class.
5. ANALYTICAL MODEL From [6] [7] [8] , a variable bit rate source can be modeled by a continuous-time Markov chain with finite states. Each state represents the discrete level of bit rate generated by a single source. We assume that the highest level is state M i , which is also matched to the maximum number of subcarriers used by a class i user. That is, we assume that each level uses one spreading code in one subcarrier for a class i user. This means that each level has a data rate of R i corresponding to one class i spreading code. Every user uses the same spreading code in its subcarriers. If M i = 1, the source is an on/off source. Each level can be modeled by a two-state mini-source with an increase rate of α i and a decrease rate of β i . Thus the continuous-time Markov chain for a single source at state m has an increase rate of (M i -m)α i and a decrease rate of mβ i . This Markov chain is shown in Fig. 3 . The probability that subcarrier c is used for transmission given that the source is in state m, denoted by P c|m , is given by Unconditioning the dependence on state m, the probability that subcarrier c is used for transmission, denoted by P c , is given by
Note that if M i = 1, the source is an on/off source and the probability that subcarrier c is used for transmission is simply equal to the source activity factor, p i ,. This is expected due to the round-robin carrier-hopping allocation scheme used. This allocation scheme evenly spreads the subcarriers' usage by a source.
Next, let γ i denote the 
The numerator in the right-hand side of equation (4) is the class i processing gain in subcarrier c. In the denominator, the first term is due to the intra-cell interference in subcarrier c from other users in class i and from the same group, the second term is due to the inter-cell interference in subcarrier c from users from the same class and from the same group, and the last term is due to background noise in subcarrier c. Note that by using the proposed DCGP scheme, the intra-and inter-cell interference in subcarrier c from other classes as well as the intra-and inter-cell interference in subcarrier c from some of its own class in the other groups are eliminated.
Treating each subcarrier as orthogonal from other subcarriers, we can model each subcarrier as though it has on/off multiclass traffic with their multirate MC-DS-CDMA sources' subcarrier activity factors being treated like the on/off sources' activity factors. Thus we can make use of the approach and results in [5] .
From [3] , the inter-cell interference-to-signal ratio in subcarrier c for a class i user is given by
where r d is the distance between the inter-cell mobile that is causing interference and the intra-cell base station, r m is the distance between the inter-cell mobile and its own base station, and ε d and ε m are Gaussian random variables with zero mean and standard deviation σ. Since ε d and ε m are independent, (ε d -ε m ) is a Gaussian random variable with zero mean and 2σ 2 variance.
The mean and variance of I i /S i are upper bounded by [3] [ 
and
* denote the BER requirement in a subcarrier for class i users and SIR i * denote the SIR requirement in a subcarrier for class i users. The system capacity is defined as the maximum (n 1 ,…,n i ,…,n K ) that can be supported such that the achieved SIR in a subcarrier is greater than or equal to the required SIR i * in the subcarrier 99% of the time for all classes. That is, the outage probability in a subcarrier is defined as
. Note that n i is related to n gi as given by gi gi i n N n = . Invoking the central limit approximation and solving equation (11) by conditioning on the active spreading codes used in one of its own group of subcarriers and then unconditioning the probability in equation (11) by summing up the case for the number of active spreading codes used in the subcarrier within its own class, and multiplying by the corresponding binomial probabilities of active spreading codes used in the subcarrier, we have The results for CS and DCP are obtained using the analytical formulations in [11] and [12] , respectively. Figs. 4 and 5 show that the system capacities, (n 1 ,n 2 ), of DCGP can be larger than those of CS and DCP, with these numbers of subcarriers. That is, the elements of the doublet (n 1 ,n 2 ) are bounded by these curves. Thus the combinations of the numbers of users of different classes that can be admitted to the system are possible only when these numbers are on or below these curves. Furthermore, the system capacities of CS, DCP and DCGP for N c = 10 is larger than those for N c = 20, respectively. Note that the probability that an active spreading code in a subcarrier is used by source i, p i , is increased by having a smaller number of subcarriers to use, M i ≤N ci <N c , (see equation (3)) by using the DCGP scheme for allocation of subcarriers to different classes compared to DCP having N ci subcarriers and CS having all N c subcarriers. However, this is significantly offset, for most of the larger values of N c1 , by eliminating the intra-and inter-cell interference from other classes and some of these interference from its own class in the other groups in its own group of subcarriers. Numerical results can be obtained for K traffic classes where the system capacity is in a K-dimensional space. (n 1 ,…,n K ) are admissible as long as they are within its system capacity. The admission region can be stored and retrieved from a look-up table to perform DCGP of subcarriers to different classes when the number of users to be supported is larger than those of CS and DCP.
7. CONCLUDING REMARKS An analytical formulation of the outage probability in a subcarrier in terms of bit error specifications in the subcarrier for variable bit rate multiclass services in a cellular dynamic complete group partitioning round-robin carrier-hopping multirate MC-DS-CDMA system is presented in Section 5. This analysis enables the determination of the system capacity region, by treating the general case where different traffic classes have different spreading gains and each user has the same spreading code across multiple subcarriers in its group. A dynamic complete group partitioning scheme for the allocation of subcarriers for different classes is applied. 
